Coastal Observatory Investigates Energetic Current Oscillations on Southeast Florida Shelf
Coastal circulation along the southeast Florida shelf is strongly related to the dynamics of the Florida Current.The current follows the steep bottom terrain along the shelf break separating the deep ocean from the coastal zone ( Figure  1 a, b ). Energetic and complex flow regimes arise along the current's western edge, caus ing transient features such as sub-meso-scale eddies [Lee and Mayer, 1977; Shay et al, 2000] and energetic internal oscillations [Mooers, 1975; Soloviev et al.,2003] , which affect mix ing between the shelf and deeper ocean waters. Understanding of these regimes is important for modeling and prediction of the coastal circulation on the southeast Florida shelf and description of western boundary current/continental shelf interactions.
A striking feature of the circulation on the shelf off southeast Florida is the energetic baroclinic supertidal oscillation, which produces 10-hr period current velocity oscillations with a 0.5-m s" 1 amplitude. At the same time, current velocity oscillations induced by the barotropic tide usually do no exceed about 0.05-m s' 1 amplitude. Spectral analysis of the sea level signal reveals the expected semi-diurnal tidal peak close to the 12-hr time period ( Figure  lc) .The corresponding peak, however, is not seen in the velocity spectrum; instead, a 10-hr peak is prominent ( Figure Id) .
Two years of continuous observations on the southeast Florida shelf reported in Soloviev et al. [2003] suggested that this oscillation is observed primarily during summer months. A 4-year data set collected at the same location, which is now available for analysis, clearly demonstrates that this phenomenon has a seasonal cycle, which is the subject of interannual variability On average, the kinetic energy associated with the oscillation appears much higher in the summer season than at other times throughout the year ( Figure 2) ; there is considerable variation between years. Interannual differences can be seen in Figure 3 , where the squared current velocity magnitudes within the 8-to 12.5-hour band for each summer from 1999-2002 are shown.
Variability of the coastal currents affect societally relevant issues such as navigation, acoustics, search and rescue operations, beach erosion, and coastal pollution from sewage plants, harmful algal blooms, and oil spills .These important practical issues could require that the baroclinic current oscil lation on the southeast Florida shelf become more fully understood and its frequency and importance in nature be assessed.
Project Background
The South Florida Ocean Measurement Center (SFOMC) was established in 1998 through a partnership involving government and academia.A congressional grant, along with a Frequency, h Cross-section of Florida Straits. Sea level (c) and velocity (d) combination of other federal and state money, has been used to construct this new facility with the guidance of the Office of Naval Research (0NR).As a part of SFOMC, a threedimensional mooring array (hereafter referred to as Environmental Array) was deployed on the shelf off Dania Beach, South Florida, where the local bathymetry includes three linear, reef-like features paralleling the coastline pre ceding a steep drop-off in depth at the conti nental shelf edge (Figure la,b) . Acoustic Doppler current profilers (ADCP),a combina tion of recording temperature and salinity sensors, and a meteorological package were installed on moorings [Soloviev et a/., 2003] and coordinated with Ocean Surface Current Radar [Shay etal., 2000] .
The array has been operated to support the SFOMC field tests of autonomous underwater vehicles [Dhanak etal.,2001] and provide a complete seasonal cycle of the local coastal circulation.The scientific questions include: What are the dominant modes of interaction between the nearby Florida Current and the shelf/near shore circulation? Are these events driven by the wind, Gulf Stream meanders, propagating continental shelf waves, or nearshore eddies? What is the structure and tem poral variability of the internal wave field within the Florida Straits?
Exploratory measurements have been car ried out since June 1999 and are a cooperative experiment between the University of South Florida and Nova Southeastern University [McCreary et a/.,2000] .The measurements have shown a very energetic regime with vari ability occurring over a wide range of temporal and spatial scales. Overall, data has been gen erally consistent with the previous studies in the region; however, new important details are emerging.
Initial Results
The spectral analysis of the summer 1999 velocity record revealed oscillations of about 0.5 m s' 1 amplitude with a 10-hr period and a prominent peak on the frequency correspon ding to a 10-hr time period ( Figure Id) .The sea level record showed a 12-hr peak instead. This 10-hr peak was observed at all locations (ll-m,20-m,and 50-m isobath moorings); although at lower frequencies, the velocity spectral curves diverged (with a stronger signal on the 50-m mooring location and a weaker signal on the 11-m location).The velocity signal was accompanied with coherent density vari ations, which confirmed that the observed oscillation was of baroclinic nature. During the next summer, the super-tidal oscillation was not prominent (which can be noted from velocity contour plots shown in Figure 3) .The oscillation was restored during the summers of 2001 and 2002 (though it was weaker than during summer 1999).
Velocity data also reveal seasonal and inter annual variability of the super-tidal oscillation. Seasonal variation can be noted on the com posite plot in Figure 2 . The spectral energy within the 8-to 12.5-hr wave period band shows a much more energetic regime during the summer than winter months. Interannual differences can be noted as well, and are seen more clearly in Figure 3 .The kinetic energy changes throughout the summers between 1999 and 2002 show differences between years. It is clear that the 8-to 12.5-hr band is season ally and interannually modulated.
Possible Generation Mechanisms
In his book The Gulf Stream, Stommel [1965] suggested that it is highly probable that an internal resonant seiche could develop in the channel between Florida and the Bahamas. Niiler [1968] proposed an analytical model demonstrating that cross-channel baroclinic tidal oscillation could be excited by a tidal surface wave traveling along the non-uniform channel. In this theory, an abrupt change of the channel depth at the edge of the continental shelf is a critical factor in the exchange of energy between the surface and internal tidal modes. In fact, cross-section of the Florida Straits at the latitude of the SFOMC range reveals an abrupt change of the channel depth at a 30-km distance from the Florida coast (Figure lb) .
Another critical factor determining the "resonant" properties of the Florida Straits in Niilefs [1968] theory is the vertical density stratification; in particular, the position of the Gulf Stream front with respect to the continental shelf break is of importance.The baroclinic oscillation becomes large if the period of the surface tidal wave is close to the natural period of an internal seiche in the channel. From Niilers [1968] equation, an estimate of the nat ural period of an internal seiche in the Florida Straits at 26°N is 7-10 hrs.The SFOMC data, covering a 4-year time period (1999) (2000) (2001) (2002) , are consistent in general features with the Stommel hypothesis of a resonant cross-stream semi diurnal internal seiche. In particular, the Stom mel hypothesis can explain the observed modulation on seasonal time scales as the dependence of the channel resonant properties on the stratification and the position of the Gulf Stream. A more sophisticated analysis (yet to be done) should show generation of internal tidal waves on the three-dimensional bottom topography Our preliminary estimates indicate that topographical features associated with the first and second reef tracts can also radiate rays of M 2 internal tides.
The seasonality and interannual variability seen in Figures 2 and 3 can be attributed to changes in stratification, location of the Gulf Stream, and the importance of these changes on the internal seiche. Spin-off eddies, observed off the southeast Florida shelf can also modu late the upper ocean layer depth and the internal seiche period over time scales of about 10 days or less.
Spin-off eddies, observed off the southeast Florida shelf, are of fundamental importance to the local coastal circulation, because they affect the continental shelf, and thus largely determine the water properties of the shelf. The fact that super-tidal oscillation can be so energetic is intriguing, because it may provide another entirely different source of the energy dissipation for the Gulf Stream that may act in concert with the spin-off eddies, as well as providing energetic forcing for cross-shelf and vertical mixing. The velocity scale of the baro clinic supertidal oscillation is 0.5 m s 1 ; while, the characteristic velocity scale of the barotropic tide on the southeast Florida shelf is of 0.05 m s" 1 .
Since the dissipation of the kinetic energy of currents is proportional to the cube of the current velocity magnitude, the arrival of the super-tidal baroclinic oscillation can increase the tidal energy dissipation on the southeast Florida shelf as much as by three orders of magnitude.
Though internal seiching is a plausible explanation for the super-tidal oscillation observed on the shelf off southeast Florida, two other hypotheses cannot completely be rejected.The first of these considers the sub stantial relative vorticity associated with the Gulf Stream.The inertial peak could be shifted to a higher frequency due to vorticity Substan tial relative vorticity associated with the Gulf Stream has been reported in many studies [Rossby and Zhang, 2002] . Mooers [1975] . Such average vorticity can reduce the 27-hr inertial period to the 10-hr oscillation observed experimentally on the southeast Florida shelf. A narrow band charac ter of the 10-hour signal observed during sum mer 1999 is, nevertheless, typical for tidal rather than eddy-related phenomena [Peters etal., 2002] .
Another hypothesis suggests that the 1-hr peak could be the semi-diurnal internal tide Doppler-shifted by the Gulf Stream [Luther et al., 2001 ].This hypothesis is based on an assumption that the velocity fluctuations in the coastal area can be induced by motions outside this area (for instance, by the nearby Gulf Stream).The intrinsic or Doppler-shifted frequency of a semi-diurnal internal tide propagating southward through the Florida ' [1975] formula to be -10 hrs. Peters et al. [2002] , however, argue that if the internal tide is generated by the surface tide elsewhere on the continental shelf,"...in the environment of time-invariant, spatially variable mean current, the encounter frequency of any wave signal is conserved along rays [LeBlond and Mysak, 1978; equation 6.19b] . It is only the intrinsic frequency, measured with respect to the fixed observer moving with the mean current, that is changed."
Continuing efforts hope to elucidate the physics leading to these energetic but season ally and interannually modulated velocity fluctuation. In particular, numerical modeling might distinguish between the three proposed generating mechanisms as well as help to facilitate future observations in the most effec tive way. 
